Schemas, as memory representations of typical contexts, allow for generalization from previous experiences while often improving memory organization and accuracy. However, these advantageous characteristics of schematic memory may come at the cost of episodespecific information. In the human brain, this tradeoff between general and specific knowledge has been linked to differential contributions of the medial temporal lobes (MTL) to episode-specific memory and the ventromedial prefrontal cortex (vmPFC) to generalized, schematic memory. Here, we used a neuropsychological approach to test whether participants with focal vmPFC damage (n ϭ 6) would show a reduced influence of schematic memory relative to healthy normal comparison participants (n ϭ 12) in a recognition task that presented schematically congruent or incongruent contexts at study. As predicted, normal comparison participants were more likely to identify items as old after studying them in congruent contexts, and this effect was reflected in increased true and false recognition. These effects of prior context on recognition were not observed in the vmPFC group, suggesting that vmPFC damage reduced the influence of schematic memory. These findings are consistent with the proposition that the vmPFC plays an important role in integrating previous experience into ongoing memory processes while acting as part of a larger memory network.
Introduction
"… as beautiful as the chance meeting on a dissecting-table of a sewing-machine and an umbrella." -Isidore Ducasse, Latréamont's Maldoror.
We can appreciate the bizarre juxtaposition of incongruent concepts by artists such as M. Ducasse because our memory systems constantly compare new experiences with contextual knowledge. The contextual knowledge supporting this comparison process has been described using the concept of schemas (Bartlett, 1932) , memory structures hypothesized to be extracted over multiple exposures that are activated by the presence of related concepts. Schemas exert profound, frequently advantageous effects on memory organization and accuracy by expediting learning and expanding memory capacity (Morris, 2006; Tse et al., 2007; Wang and Morris, 2010; Lewis and Durrant, 2011) . However, schematic effects can also be disadvantageous, as when proactive
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interference causes recall of a typical experience instead of a specific, nontypical experience [e.g., incorrectly remembering that you spoke to a colleague at work (typical) rather than at a party (nontypical)]. Although psychologists have studied schematic memory processes for decades (for review, see Koriat et al., 2000; van Kesteren et al., 2012) , the neural correlates of these processes are not well understood.
Investigations of schematic memory using cognitive neuroscience methods have offered preliminary evidence for involvement of the medial prefrontal cortex (mPFC) and perhaps more specifically the ventromedial PFC (vmPFC). Correlational evidence for vmPFC contributions to schematic memory has been provided by functional neuroimaging studies reporting increased activation in the human vmPFC when participants integrated conceptual knowledge or schematic memories (Kumaran et al., 2009; van Kesteren et al., 2010 van Kesteren et al., , 2013 Bonnici et al., 2012; Zeithamova et al., 2012a,b) . Additionally, neuroimaging investigations by van Kesteren et al. (2010) showed increased mPFC activation and functional connectivity for schematically congruent stimuli at retrieval. This work prompted the hypothesis that the mPFC may support the generalization (or "schematization") of memories by identifying elements of experience that are schematically consistent during both encoding and retrieval (van Kesteren et al., 2012) .
Neuropsychological evidence for vmPFC contributions to schematic memory processes has shown that bilateral vmPFC damage is associated with reduced susceptibility to schematic false recall using the Deese-Roediger-McDermott memory paradigm (Warren et al., 2014; but see Melo et al., 1999) . These findings are broadly consistent with a large body of work demonstrating that the vmPFC plays an important role in integrating previous experiences to influence current decisionmaking (Bechara and Damasio, 2005) . Together, the evidence suggests that the vmPFC may contribute to schematic memory processes by incorporating previous contextual knowledge into memory retrieval. A recent account incorporating contemporary findings has suggested that the vmPFC promotes schematic generalization from previous experience at the expense of specific information about the current experience (van Kesteren et al., 2012) leading to memory errors such as false recognition and false recall. However, the necessity of the vmPFC for normal schematic memory processes remains to be established.
In particular, additional investigation is needed to determine whether the vmPFC is necessary for other aspects of schematic memory, such as the perceived match between an object and its context (contextual congruence). Schemas strongly influence our contextual predictions by shaping radically different expectations for, as an example, objects that might be found in a desert versus an ice rink (Palmer, 1975) . We used a neuropsychological approach to assess whether the vmPFC is necessary for incorporating contextual congruence, evaluating the online and remembered influence of schematically congruent or incongruent contexts in healthy individuals and in patients with focal brain lesions including the vmPFC. We hypothesized that contextual congruence would modulate memory performance for normal comparison participants by promoting generalization from previous experience but that this schematic influence would be reduced in individuals with vmPFC damage.
Materials and Methods

Participants
Participants with focal, stable, bilateral vmPFC lesions ("vmPFC participants"; n ϭ 6, 2 males and 4 females) were recruited from the Iowa Neurological Patient Registry. Neuropsychological testing was performed at least 3 months after lesion (Table 1) . Lesions were verified using computerized tomography or magnetic resonance imaging and traced in a template space using the MAP3 lesion method (Frank et al., 1997) . Maximum lesion overlap was found in the vmPFC (Fig. 1A) . Healthy normal comparison participants ("normal comparisons" or "NC"; n ϭ 12, 4 males and 8 females) were matched to the vmPFC participants (2:1) on sex, age, and education. The groups did not differ demographically (each t (16) Ͻ 0.87, each p Ͼ 0.399). All participants provided informed consent in accordance with the Declaration of Helsinki. Participation was remunerated.
Materials and Design
The task used visual stimuli including context words and images of common objects. Objects and context words were combined into display items in a congruence-judgment phase. At test, objects were presented without context (see below, Procedure).
Object image stimuli were drawn from freely available materials (Yassa et al., 2011) including 384 objects, each represented with two exemplars that were visually similar (Fig. 1B) . The authors generated context words for each object. Object-context congruence ratings were obtained from a pilot study with young adults (n ϭ 11), and context assignments were finalized. Normative (in)congruence of the final object-context pairings was confirmed in another pilot study with young adults (n ϭ 20).
Objects were assigned to experimental conditions based on a 3 ϫ 2 design crossing recognition condition with contextual congruence. In each session, an equal number of objects (96 each) were assigned to one of three recognition conditions: old, similar, and new. Old and similar objects were split evenly (48 each) across two contextual congruence conditions: congruent and incongruent. During the congruence-judgment phase, old and similar objects were viewed along with congruent or incongruent context words (by condition). During the recognition phase, stimuli included studied exemplars of old objects, nonstudied exemplars of similar objects, and intra-experimentally novel new objects.
A relatively large number of recognition probes per condition (96) were included to support a logistic regression analysis.
Procedure
Congruence-judgment phase. Participants viewed images of objects (e.g., a cactus) for 4 s with context words that were congruent ("desert") or incongruent ("ice rink"; Fig. 1B ) under these instructions: "Visualize a scene containing the specific pictured object in the accompanying setting." Two response prompts followed: "How clear was your mental image of the object in the context?" (1-4, low to high) and "How congruent are the object and context?" (1-4, low to high). Ten practice trials introduced this phase. Recognition phase. Participants indicated whether each object was old, similar, or new and response confidence (1-4, low to high) with button presses (Fig. 1C) . Response time (RT) was collected.
Analysis
For all tests, ␣ ϭ 0.05. Planned comparisons were nonpaired equalvariance t tests.
Congruence-judgment phase. Subjective congruence per trial was operationalized as a dichotomous variable derived from congruence ratings (incongruent, 1͉2; congruent, 3͉4). A signal detection theory approach was used to measure subjective agreement with normative congruence (dЈ). An ANOVA was used to investigate group differences in the proportion of items producing disagreement between objective and subjective congruence and to examine congruent and incongruent conditions independently. A planned comparison evaluated group differences in visual imagery ratings.
Recognition phase. A planned comparison tested group differences in overall recognition performance using mean proportion correct for old and new objects.
Schematically congruent contexts were expected to modulate memory performance in the NC group, increasing the probability of identifying similar and old items as "old." Meanwhile, we hypothesized that vmPFC damage would reduce this influence of schematic memory. To investigate these group differences, we used a multilevel logistic regression model (LRM) to evaluate the fixed effects of group (vmPFC, NC) and congruence (congruent, incongruent) on the probability of calling items "old." Factors outside the focus of this investigation were controlled using a random-effects structure including random intercepts (for item and participant) and random slopes (per participant for recognition RT and confidence). We compared LRMs using log likelihood ratio tests to identify the best-fit model ( Table 2 ). The best model for these data (Model 1) was found to include group (NC, vmPFC), congruence (congruent, incongruent), item type (old, similar, new), the group ϫ congruence interaction, normalized confidence and RT at during recognition, previous response one-back (i.e., preceding item called "old"), and previous response two-back. The group ϫ congruence interaction was a key indicator of schematic influence of congruent context at the group level. Significance and variability of model terms was determined using bootstrap techniques robust to small sample sizes (Halekoh and Højsgaard, 2012) .
To address potential group differences in subjective congruence ratings, another model (Model 2) replaced the normative item congruence in Model 1 with a subjective equivalent. Both models produced qualitatively similar results (Table 2) .
Results
Congruence-judgment phase
Consistent with a role for the vmPFC in schematic processing, the vmPFC group rated item congruence in ways that were less aligned with normative expectations than the NC group (t (16) ϭ 2.62, p ϭ 0.019; Fig. 1D) . Similarly, the vmPFC group disagreed with normative object-context congruence categorization (i.e., In the similar condition, visually similar exemplars were substituted for studied objects. D, Congruence detection accuracy. Accuracy (dЈ) of the NC and vmPFC groups at identifying normative congruence in the congruence-judgment phase. The NC group was significantly more accurate. E, Congruence-judgment disagreement. Mean proportion of items that produced disagreement with normative congruence. Disagreement was statistically symmetric across congruence conditions, and overall the vmPFC group disagreed marginally more often than the NC group. F, Schematic influence on recognition. The NC group showed an increased probability of identifying objects as "old" when visualized in congruent contexts; the vmPFC group did not. Bars show proportions derived from Model 1; * indicates significant difference between congruence conditions by linear contrast. Error bars in D and E indicate SEM and empirical 95% bootstrap confidence intervals in F.
reported congruent items as incongruent and vice versa; Fig. 1E ) marginally more often than the NC group (F (1,36) ϭ 3.112, p ϭ 0.087; note that rates of disagreement did not differ by condition for either group, each t Ͻ 0.7, each p Ͼ 0.5). Although there were significant group differences in congruence ratings, overall both groups agreed with normative schematic congruence on Ͼ90% of trials. Importantly, visual imagery ratings did not differ between groups (t (16) ϭ 0.97, p ϭ 0.348).
Recognition phase Recognition accuracy: planned comparison
The vmPFC and NC groups did not differ in recognition accuracy for old and new objects (t (16) ϭ 0.20, p ϭ 0.844), indicating that the vmPFC group did not have impaired recognition (corroborated by neuropsychological findings; Table 1 ).
Logistic regression
For the NC group, but not the vmPFC group, schematic memory was predicted to lead to an increased probability of objects studied in the congruent condition being identified as "old." This effect was predicted to generalize across old and similar objects. Model results are displayed in Table 2 and Figure 1F . There was a reliable main effect of congruence such that objects presented in a congruent context were more likely to be called "old" ( p ϭ 0.004). However, as predicted, group significantly modulated this effect as evidenced by a significant group ϫ congruence interaction ( p ϭ 0.011). Consistent with our hypothesis, the NC group was more likely to call objects "old" when they were paired with a congruent rather than incongruent context, whereas the vmPFC group did not show this effect. Linear contrasts indicated that, for the NC group, this schematic influence was present for similar items (i.e., false recognition, p ϭ 0.003) and old items (i.e., true recognition, p ϭ 0.044). However, for the vmPFC group, there was not a significant effect of congruence for either old or similar items ( p ϭ 0.679 and p ϭ 0.517, respectively). Additionally, there was a significant main effect of object type, indicating that old items were more likely than similar items to be identified as "old" ( p ϭ 0.001).
Because vmPFC participants were more likely to disagree with normative object-context congruence, a second model (Model 2) was fit using subjective rather than normative congruence in Model 1 (see above, Analysis; Table 2 ). Model 2 results were consistent with Model 1. Critically, a significant group ϫ congruence interaction was observed, which indicated that NC participants were more likely to identify objects as "old" when paired with a subjectively congruent rather than incongruent context while vmPFC participants did not show this effect. Consistent with Model 1 findings, linear contrasts indicated that the NC group showed a significant effect of congruence for both old and similar items ( p ϭ 0.032 and p ϭ 0.044, respectively), whereas the vmPFC group showed neither effect ( p ϭ 0.679 and p ϭ 0.517, respectively). Therefore, findings from Model 2 were qualitatively similar to Model 1, indicating that the difference in schematic influence between groups was not attributable to a difference in subjective congruence.
Discussion
Schematic memory allows for generalization from previous experience, but this frequently advantageous process has been hypothesized to produce memory errors by reducing accuracy for details of schematically congruent experiences. In this study, schematic influence was operationalized as the tendency to recognize an item as old when previous exposure was in a schematically congruent context. We found that prior congruence modulated recognition in healthy participants, but the effect was reduced for vmPFC participants in both advantageous and disadvantageous circumstances. These results extend previous findings from animal models (Euston and McNaughton, 2006; Tse et al., 2007) , human functional neuroimaging (Kumaran et al., 2009; van Kesteren et al., 2013; Zeithamova et al., 2012a,b) , and earlier neuropsychological studies (Ghosh et al., 2014; Warren et al., 2014) . The reduced schematic influence of congruence for the vmPFC group suggests an important role for the vmPFC in integrating previous experience into ongoing memory processes.
The attenuation of schematic influence in participants with vmPFC damage was evident for recognition of both old and similar objects. This reduction of schematic influence for both veridical and false memory was a key finding consistent with our proposed role of vmPFC as necessary for detecting and using schematic congruence (Warren et al., 2014) . Meanwhile, the NC group was more likely to accurately recognize old items visualized in a congruent context, implying that schematic memory conferred a congruence advantage in this condition. This parallels evidence indicating that schematic congruence can facilitate learning and memory (Morris, 2006; Tse et al., 2007) . In addition, the NC group was biased to falsely recognize lure objects similar to those visualized in congruent contexts, suggesting a congruence disadvantage in this condition. One interpretation is that NC participants encoded a generalized memory of schematically congruent items during initial exposure and that this generalized The best-fit model (Model 1) and an alternative model (Model 2) analyzing recognition-phase "old" responses. The group ϫ congruence effect was the key test of differential influence of previous context on recognition and was statistically significant in both models. Model 1 included normative congruence categories as a predictor. Model 2 substituted subjective congruence categories. ␤, Coefficient; OR, odds ratio; Sig., statistical significance of predictor. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
memory sometimes lacked the specificity needed to reject similar objects during recognition. Critically, our study showed that advantageous and disadvantageous effects of schematic memory were reduced in participants with vmPFC damage, which is consistent with the proposition that the vmPFC group formed memories of similar detail regardless of contextual congruence. Our theory-driven account (van Kesteren et al. 2012 ) of vmPFC-dependent changes in representational specificity remains speculative. Future investigations could directly test this prediction by collecting functional neuroimaging data during a similar task and then conducting multivoxel pattern analysis to evaluate congruencerelated representational quality in hippocampus and vmPFC.
Participants with vmPFC damage and NC participants showed comparable levels of accuracy for old and new stimuli, indicating that the group difference in false memory performance was not attributable to an overall memory deficit. This aligns with previous work demonstrating that broader PFC damage is not associated with profound declarative memory deficits (Moscovitch and Winocur, 1995) but that PFC damage can disrupt application of schematic memory, for example, within a categorized list (della Rocchetta and Milner, 1993; Gershberg and Shimamura, 1995) .
vmPFC influences on schematic memory were observed during the congruence-judgment phase of the experiment as well. Interestingly, participants with vmPFC damage were significantly more likely to disagree with normative object-context congruence (i.e., categorize a congruent pairing as incongruent or vice versa) than NC participants. This is consistent with a role for the vmPFC in detecting congruence online in addition to encoding schematically congruent memories. Notably, group differences in online schematic influence did not account for differences in the schematic influence of context on recognition (Table 2 , Model 2).
Evidence of reduced schematic influence in the vmPFC group suggests that the vmPFC plays a key role in a network of brain regions supporting schematic memory. Neuroimaging studies have shown that schema acquisition increases activation of both the hippocampus and the vmPFC, indicating that both regions are correlated with schematic encoding (Kumaran et al. 2009 , Zeithamova et al. 2012b . Additional evidence has shown that the mPFC and medial temporal lobe (MTL) are functionally connected (Hyman et al., 2010) and that the vmPFC may directly influence memory formation via functional coupling with the MTL (Ranganath et al., 2005) . Functional connections between the vmPFC and MTL are consistent with well characterized monosynaptic connections between the regions (Cavada et al., 2000; Saleem et al., 2008) .
Previous work suggests that the vmPFC has a reciprocal relationship with the MTL. van Kesteren et al. (2012) proposed that experiencing schema-consistent information engages a schematic memory system, including the vmPFC, causing generalization of the resulting memory. When schematic consistency is absent, the MTL and hippocampus encode a detailed episodic memory (van Kesteren et al., 2012) . The findings of the present study are consistent with this proposal because the reduced schematic influence observed in the vmPFC group may have led to the formation of specific, detailed memories of objects in both congruent and incongruent contexts. Conversely, future work could evaluate whether MTL damage promotes generalized schematic memories. Such findings could have implications for healthy populations, potentially addressing the increased reliance on schematic memory observed in older adults that may be related to age-related difficulty with associative memory (Castel et al., 2013) . In support of this, much of the cerebral cortex atrophies with age, but while the decline seen in the mPFC follows a gradual, lifelong trajectory, hippocampal atrophy accelerates in old age (Fjell et al. 2013 ). This volumetric dissociation over the lifespan may promote reliance on the vmPFC-schematic memory system in older adults and increase potential real-world vulnerabilities to false recognition or deceptive advertising (Denburg et al., 2007) .
Although our findings were statistically robust and derived from many observations of each participant, our study had some limitations. As in many neuropsychological investigations, our sample size was relatively small. The limited sample resulted from the inclusion of only vmPFC participants with stable, focal, bilateral lesions and neuropsychologically normal memory. Also, the current study used a novel implementation of a previously described paradigm (van Kesteren et al., 2012) , although pilot and normative data (neither reported here) were used to refine the procedure. These qualifications are important, but any limits they placed on statistical power in our study were insufficient to obscure the effects of interest.
In conclusion, the vmPFC has long been postulated to play a key role in the integration of environmental, physiological, and mnemonic signals to influence complex decision-making (Bechara and Damasio, 2005) . The present findings suggest that the vmPFC additionally plays a key role in integrating previous experiences and contextual information with current experience to form schematic memories. This role in memory is consistent with the proposition that the vmPFC is part of a network of brain regions, including the MTL, that support declarative memory processes. As an important component process of declarative memory, schematic memory facilitates the representation of complex concepts, influences the encoding of new material, and guides complex behaviors (Bartlett, 1932) . In our study, vmPFC damage reduced the influence of schematic memory, whether advantageous (during true recognition) or disadvantageous (during false recognition). Our findings extend previous work from functional neuroimaging and neuropsychological investigations by showing that the vmPFC is necessary for normal schematic influence on recognition. Furthermore, our results suggest that the vmPFC plays a key role in detecting and incorporating contextual congruence, potentially improving our ability to distinguish the surreal from the banal. These findings enhance our knowledge of the neural correlates of schematic memory and advance our understanding of the brain networks supporting memory processes.
